Degen et al. used a special radar system to track bees in flight. They displaced bees after a single orientation flight into either the explored or the unexplored area. Homing flights were faster and straighter if bees were released within the explored area. The authors conclude that bees used the ground structure for homeward guidance.
In Brief
Degen et al. used a special radar system to track bees in flight. They displaced bees after a single orientation flight into either the explored or the unexplored area. Homing flights were faster and straighter if bees were released within the explored area. The authors conclude that bees used the ground structure for homeward guidance.
SUMMARY
Exploration is an elementary and fundamental form of learning about the structure of the world [1] [2] [3] . Little is known about what exactly is learned when an animal seeks to become familiar with the environment. Navigating animals explore the environment for safe return to an important place (e.g., a nest site) and to travel between places [4] . Flying central-place foragers like honeybees (Apis mellifera) extend their exploration into distances from which the features of the nest cannot be directly perceived [5] [6] [7] [8] [9] [10] . Bees perform short-range and long-range orientations flights. Short-range flights are performed in the immediate surroundings of the hive and occur more frequently under unfavorable weather conditions, whereas long-range flights lead the bees into different sectors of the surrounding environment [11] . Applying harmonic radar technology for flight tracking, we address the question of whether bees learn landscape features during their first shortrange or long-range orientation flight. The homing flights of single bees were compared after they were displaced to areas explored or not explored during the orientation flight. Bees learn the landscape features during the first orientation flight since they returned faster and along straighter flights from explored areas as compared to unexplored areas. We excluded a range of possible factors that might have guided bees back to the hive based on egocentric navigation strategies (path integration, beacon orientation, and pattern matching of the skyline). We conclude that bees localize themselves according to learned ground structures and their spatial relations to the hive.
RESULTS AND DISCUSSION
Bees perform two forms of exploratory orientation flights: (1) short-range orientation flights that concentrate on the exploration of the hive's immediate surroundings and (2) long-range orientation flights that usually lead into one narrow sector of the landscape because the outbound and inbound components of the flight are quite close to each other [11] . Furthermore, consecutive long-range orientation flights are directed toward sectors of the environment that overlap only partly or not at all, resulting in effective exploration of novel sectors around the hive. These behavioral strategies suggest the formation of a memory that stores the relations of environmental features for effective homing.
Bees Are Lost When Displaced before Their First Orientation Flight
Fourteen bees were displaced under good weather conditions to locations in various directions around the hive before they had performed their very first orientation flight ( Figure S1B ). Although all bees performed flights after the displacement, none returned to the hive entrance. The distances of the release sites from the hive ranged from 65 to 253 m, and the displaced bees were between 5 and 33 days old. The flight durations until bees were lost by the radar tracking system ranged from 8.6 to 243.2 min (mean ± SD: 60.8 ± 62.7 min) and the flight lengths from 317 to 13,082.5 m (mean ± SD: 3,008.2 ± 3,273.5 m).
Our experimental procedure did not affect the motivation of the bees to perform a flight, and they had enough energy to search intensively for the hive. The failure of these bees to return to the hive did not depend on their age or the displacement distance. These results confirm the findings of Buttel-Reepen [12] but are somehow in conflict with the results of Becker [6] since she found that inexperienced bees were able to return to the hive after a displacement of less than 100 m, with older bees being more successful than younger ones. She concluded that bees were able to find their way back to the hive by odor cues. However, in our experiments two bees came close to the hive (less than 50 m) and another two even crossed the position of the hive without interrupting their flights, indicating that the odor of the hive did not guide the bee back into the hive. Furthermore, their searching behavior differed from bees performing their first exploratory orientation flight. The latter flew along a rather narrow single segment with a tendency to follow extended ground structures, whereas inexperienced bees searched in widely distributed curving flights, ignoring ground structures ( Figure S2A ). Figure 1A , green flight trajectory), indicating that the experience gained during the short-range orientation flight was sufficient for rather successful homing. All successful homing flights had a relatively low level of straightness, reflecting that the bees needed to search before they returned to the hive, and the flight durations varied considerably ( Figure 2A ). This variation could not be explained by variance in the displacement distance, the age of the bees, or the prevailing weather conditions (Table S1 ). Furthermore, the use of odor cues emanating from the hive was excluded as an influencing factor (Table S2) .
Homing Behavior Is Rather Successful after
The locations at which the bees performed straight homing flights (homing points) also varied considerably, with distances to the hive that ranged from 34.1 to 98.6 m (mean ± SD: 65.5 ± 22.8 m). This suggests that the recognition area established during an orientation flight is likely to be larger than the calculated catchment area of the hive (radius 60 m). However, the distance of the homing point to the hive might also depend on the pattern of the short-range orientation flight. Although these flights lack a clear direction, all flights had one, two, or three radar signals that were at least several meters away from the hive. We determined the compass directions of these radar signals and measured the minimum angle to the compass direction of the homing point. Only two out of 11 homing points had a high angular deviation to the orientation flight, and these were within the calculated catchment area of the hive ( Figure 2B ). Six homing points were located outside of the calculated visual catchment area of the hive. All of these latter homing points had a direction close to one of the radar signals not located directly at the hive ( Figure 2B ; see flight example Figure 1B) , which indicates that a short-range orientation flight might not extend the recognition area in all directions. The homing flight patterns of the bees were influenced by extended landmarks on the ground because bees directed segments of their flights according to parallel mowing tracks that structured one part of the experimental field ( Figures  S2B and S2C ). This indicates that these extended landmarks were learned during the short-range orientation flight and used for a successful return to the hive. Homing Behavior Is Successful after One Long-Range Orientation Flight A total of 33 bees were displaced once or twice after one longrange orientation flight in a similar or different direction relative to the direction of the orientation flight, as defined by the compass direction of the track point furthest away from the hive (flight examples: Figure 3 ). Ten out of 50 recorded flights (20%) did not end at the hive ( Figure S1E ; flight example: Figure 3A , green flight trajectory), and seven of these unsuccessful flights were recorded under unfavorable weather conditions (temperature <20 C and/or wind speed >20 km/h and/or no sun at all). Only 12 out of 50 flights (24%) were recorded under such weather conditions. The ten unsuccessful flights occurred after displacements in various directions and distances as related to the respective orientation flight. The age of these bees ranged from 7 to 31 days and did not differ significantly from the age of bees that returned successfully to the hive (t test: t 49 = 0.363, p = 0.718). Figure 4A shows the duration and straightness of all successful homing flights. In addition to fast and relatively straight flights back to the hive, flights of long duration and low straightness were also observed. Since variance in the displacement distance, the age of the bees, or the prevailing weather conditions (Table S1 ) and the use of odor cues from the hive could be excluded as influencing factors (Table S2) , the observed variance in homing performance must be ascribed to learning during the long-range orientation flight.
We therefore analyzed the locations of homing points, where the bee directed its flight straight toward the hive, in order to classify areas explored or not explored during the orientation flight ( Figure 4B ). Because the visual catchment area of the hive was supposed to be up to a radius of 60 m around the hive, homing points located outside of this visual catchment area were considered to indicate the recognition of areas learned during the long-range orientation flight. Using the formula described in the Supplemental Experimental Procedures, we determined that the bees were able to return to the hive from any direction when they got closer to the hive than 72 m. Bees were also able to navigate toward the hive when they got closer than about 100 m (shortest distance) to the orientation flight trajectory. Based on this analysis of homing points ( Figure 4B ), we classified explored and unexplored areas. Afterward, we determined for each release site whether it was located in a previously explored or unexplored area. The homing performance of bees differed significantly between displacements to explored (n = 15; Figure S1F ) and unexplored areas (n = 25; Figure S1G Figure 4D ) to the hive than did bees displaced to an unexplored area.
Thus, bees learned landscape structures during their longrange orientation flights that led to fast homing from the explored area. Indeed, the homing flight pattern of bees displaced to an unexplored area and of those that did not return to the hive was influenced by extended landmarks on the ground because bees directed segments of their flights according to parallel mowing tracks that structured one part of the experimental field ( Figures S2D and S2F) . Homing flights after a displacement to an explored area were seemingly not influenced by extended landmarks because the flight segments that were bounded by two consecutive radar signals were distributed uniformly (Figure S2E) . It is nonetheless likely that the extended landmarks were used as reliable navigational cues since bees that localize themselves after a displacement might not need to fly along these structures for a fast return from the release site to the hive.
Taken together, our findings show that bees need at least one short-or long-range orientation flight to return successfully to the hive since bees displaced before their first orientation flight did not return to the hive entrance. This indicates that the visual features of the hive are learned reliably during the first orientation flight. The detailed analysis of homing behavior after a displacement suggests that bees also learn features of the immediate surroundings of the hive during both, short-and long-range orientation flights because they performed straight flights home at locations where the hive itself was not visible. The displacements of bees after their first long-range orientation flight revealed that bees displaced in an explored direction returned faster and with a higher flight straightness to the hive than did bees displaced in an unexplored direction. Since we excluded a range of other possible influencing factors (path integration, beacon orientation, pattern matching of the skyline, age of the bees, odor orientation, and varying weather conditions; see the Supplemental Information), we ascribe the observed differences in homing behavior to the learning of landscape features. We therefore conclude that Tables S1 and S2. 
